DC-transport properties of ferromagnetic (Ga,Mn)As semiconductors 
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We study the dc transport properties of (Ga,Mn)As diluted magnetic semiconductors with Mn 
concentration varying from 1.5% to 8%. Both diagonal and Hall components of the conductivity ten- 
sor are strongly sensitive to the magnetic state of these semiconductors. Transport data obtained at 
low temperatures are discussed theoretically within a model of band-hole quasiparticles with a finite 
spectral width due to elastic scattering from Mn and compensating defects. The theoretical results 
are in good agreement with measured anomalous Hall effect and anisotropic longitudinal magne- 
toresistance data. This quantitative understanding of dc magneto-transport effects in (Ga,Mn)As 
is unparalleled in itinerant ferromagnetic systems. 

PACS numbers: 73.20.Dx, 73.20.Mf 



Progress toward the realization of room-temperature 
ferromagnetism in semiconductors has motivated inten- 
sive research on (Ga,Mn)As and other transition metal 
doped IH-V semiconductors. Improvements in growth 
techniques for (Ga,Mn)As diluted magnetic semiconduc- 
tors (DMSs) continue to yield ever higher conductivities 
and transition temperatures P, 0] . The magnetic prop- 
erties of these ferromagnets have been successfully mod- 
eled using an effective Hamiltonian description of the ex- 
change coupling between valence band hole spins and Mn 
local moments For example, non-trivial magneto- 
crystalline anisotropy effects have been explained 
using the simplest mean-field version of this model 
together with the dependence on doping and carrier con- 
centration of the ferromagnetic transition temperature 
3| , domain structure Q , and magneto-optical properties 

In this Letter we establish that the mean-field theory, 
combined with a Born approximation description of im- 
purity scattering, can describe the low-temperature dc 
magnetotransport properties on a quantitative level. In 
the first part of the Letter we discuss the anomalous Hall 
conductivity of a series of (Ga,Mn)As samples with vary- 
ing Mn and hole densities and different lattice-matching 
strains. In the second part we compare the measured and 
calculated anisotropic magnetoresistance data. 

Details of the sample preparation and measurement 
procedures are given elsewhere P, 0|. All the experi- 
mental results presented are for a temperature of 4.2 K. 
The samples are metallic and show very weak isotropic 
magnetoresistance at this temperature. This enables us 
to obtain values for the hole densities with an accuracy 
of about 10% from the normal Hall coefficient, assum- 
ing that the magnetization is saturated in the range of 
fields from 10 to 16 Tesla. The greatest uncertainty in 
the analysis of the data stems from the unknown den- 



sity of defects and their distribution in the lattice. In 
our theoretical model we neglect any inhomogeneity that 
may have resulted, e.g. along the growth direction, from 
the non-equilibrium, low-temperature MBE growth. The 
only acceptors assumed in the calculations are substitu- 
tional Mn ions that provide one hole per impurity which 
is exchange coupled to the Mn local moment S — 5/2. 
We report on calculations based on two extreme scenarios 
that are consistent with the Mn acceptor compensation 
we observe and hopefully bracket the situations achiev- 
able in experimental samples. The first scenario assumes 
compensation only by Mn-interstitial defects that act as 
double-donors whose local moments are magnetically de- 
coupled from the itinerant-hole and Mn moments, while 
the second assumes compensation only by non-magnetic 
As-antisite defects which also act as double-donors \vi\ . 
In the former case, the densities of substitutional and in- 
terstitial Mn ions used in the calculations are obtained 
from the experimental total (nominal) Mn density and 
the measured itinerant hole density, while in the latter 
model the density of the substitutional Mn ions is equal 
to the nominal Mn density. 

One of the key tools used to characterize and study 
itinerant ferromagnetic metals is the anomalous Hall ef- 
fect (AHE) 12, 13, El, a contribution to the Hall co- 
efficient due to spontaneous magnetization. The AHE 
occurs because of spin-orbit interactions. In metals ^3 
the standard assumption has been that the AHE occurs 
because of a spin-orbit coupling component in the inter- 
action between band quasiparticles and crystal defects, 
which can lead to skew scattering 13] and side jump scat- 
tering [isj that give Hall resistivity contributions propor- 
tional to p and respectively. Our AHE theory differs 
fundamentally from this standard picture because the ef- 
fect arises from spin-orbit coupling in the Hamiltonian of 
the perfect crystal which implies a finite Hall conductivity 
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even without disorder. 

The approach we use has its roots in the first the- 
oretical study of the AHE by Karplus and Luttinger 
|l2| who considered a band Hamiltonian with spin-orbit 
coupling, whose eigenstates are translationally-invariant 
Bloch waves of non-interacting electrons. A k-space 
Berry's phase interpretation of this intrinsic contribu- 
tion to the anomalous wave-pocket velocity term is given 
in our previous semiclassical study of the AHE in fer- 
romagnetic semiconductors. For clean systems, the same 
anomalous Hall conductivity expression can be obtained 
starting from the Kubo formula 0| . The Kubo formula 
has been used, e.g., to analyze the AHE in layered 2D fer- 
romagnets such as SrRuOs or in pyrochlore ferromagnets 
[lij and has been recognized 0| as a natural starting 
point to address infrared magneto-optic effects such as 
the Kerr and Faraday effects. The quantum-mechanical 
approach provides a convenient way to approximately 
include band-dependent quasiparticle broadening in the 
theory expressions. 

In Fig. n we plot theoretical anomalous Hall conduc- 
tivities calculated usi ng t he disorder-free, semiclassical 
Berry's phase formula [l6j 
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The clean-system data are compared with results ob- 
tained from the modified Kubo formula 
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which accounts for the finite lifetime broadening of the 
quasiparticle states. The effective lifetime for transitions 
between bands n and n', t„^„' = h/Tn,n', is calculated by 
averaging quasiparticle scattering rates calculated from 
Fermi's golden rule including both screened Coulomb and 
exchange potentials of randomly distributed substitu- 
tional Mn and compensating defects dim. InFig.n we 
assume that compensation is due entirely to As-antisite 
defects. The valence band hole eigenenergies E^j: and 

eigenvectors \nk) in Eqs. Q)-® were obtained by solving 
the six-band Kohn-Luttinger Hamiltonian in the pres- 
ence of the exchange field, h — NMnSJpdZ Here 



DMS density in the Mna;Gai_a;As 



epilayer with a lattice constant udms, the local Mn spin 



S = 5/2, and the exchange coupling constant Jpd = 55 
meV nm~^ [l^ . 

Fig. ^ demonstrates that whether or not disorder is 
included, the theoretical anomalous Hall conductivities 
are of order 10 cm"^ in the (Ga,Mn)As DMSs with 
typical hole densities, p ^ 0.5 nm~^, and Mn concentra- 
tions of several per cent. On a quantitative level, disorder 
tends to enhance a ah at low Mn doping and suppresses 
AHE at high Mn concentrations where the quasiparticle 
broadening due to disorder becomes comparable to the 
strength of the exchange field. The inset in Fig. also 
indicates that the magnitude of the AHE in both models 
is sensitive not only to hole and Mn densities but also to 
the lattice-matching strains between substrate and the 
magnetic layer, cq = (osubstrate - aDMs)/aDMS- 

A systematic comparison between theoretical and ex- 
perimental AHE data is presented in Fig. |21 The results 
are plotted vs. nominal Mn concentration x while other 
parameters of the seven samples studied are listed in the 
figure legend. The measured a ah values are indicated by 
filled squares; triangles are theoretical results obtained in 
the clean limit or for a disordered system assuming either 
the As-antisite or Mn-interstitial compensation scenario, 
described above. In general, when disorder is accounted 
for, the theory is in a good agreement with experimen- 
tal data over the full range of studied Mn densities from 
X — 1.5% to X = 8%. The effect of disorder, especially 
when assuming Mn-interstitial compensation, is particu- 
larly strong in the x = 8% sample shifting the theoretical 
a AH much closer to experiment compared to the clean 
limit theory. The remaining quantitative discrepancies 
between theory and experiment can be attributed to in- 
accuracy in experimental hole and Mn densities, and to 
approximations we made in modeling disorder in these 
samples. 

In addition to the AHE, strong spin-orbit coupling in 
the semiconductor valence band leads also to anisotropics 
in the longitudinal transport coefficients. In particular, 
the in-plane conductivity changes when the magnetiza- 
tion M is rotated by applying an external magnetic field 
stronger than the magneto-crystalline anisotropy field. 
In Fig. Owe plot theoretical and experimental AMR coef- 
ficients, AMRop = [<7xx{^ II z) - (T^^(M II x)]/axx{m \\ 
x) and AMR,p = [o-^:,(M || y) - ct^^(M || i)]/o-^^(M || 
i), for the seven (Ga,Mn)As samples discussed above. 
Here z is the growth direction. The theoretical results 
were obtained using the same linear response and Born 
approximation framework as in the AHE case |Q|. Re- 
sults of the two disordered system models, one assuming 
As-antisite and the other one Mn-interstitial compensa- 
tion, are plotted in Fig. |3| As in the AHE case, the the- 
oretical results are able to account semi-quantitatively 
for the AMR effects in the (Ga,Mn)As DMSs studied, 
with somewhat better agreement obtained for the model 
that assumes Mn-interstitial compensation. Note, that 
the absolute longitudinal conductivities we obtain from 
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FIG. 1: Theoretical anomalous Hall conductivity of 
Mna;Gai-a:As DMS calculated in the clean limit (open sym- 
bols) and accounting for the random distribution of Mn and 
As-antisite impuriries (filled symbols). 



FIG. 3: Experimental (filled symbols) AMR coefficients and 
theoretical data obtained assuming As-antisite compensation 
(open symbols) and Mn-interstitial compensation (semi-filled 
symbols). See text for definitions of AMRop and AM Rip. 
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FIG. 2: Comparison between experimental and theoretical 
anomalous Hall conductivities. 



these calculations are several times larger than observed 
values. This likely demonstrates that our simple treat- 
ment of disorder effects doesn't produce accurate values 
for quasiparticle scattering amplitudes off particular de- 
fects. However, the magnctotransport effects discussed 
above are relatively insensitive to scattering strength, re- 
flecting instead mainly the strong spin-orbit coupling in 
the valence band of the host semiconductor. 
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